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Introduction
The concept that activation of the nuclear enzyme poly (ADP-ribose) polymerase (PARP) plays a pathophysiological role in myocardial ischaemia/reperfusion injury was put forward 20 years ago . Multiple lines of follow-up studies have confirmed and extended these findings and demonstrated the protective effects of PARP1 genetic deficiency, as well as of various classes of PARP inhibitors (including 3-aminobenzamide, nicotinamide, PJ34 and INO-1001) in various models of acute and chronic myocardial insults, including ischaemia/reperfusion injury, transplantation and chronic heart failure (see: Szabó et al., 2004; Booz, 2007; Pacher and Szabó, 2008; Berger et al., 2018) . The concept of cardioprotection mediated by PARP inhibition has also been tested in a small clinical trial, where trends for anti-inflammatory and cardioprotective effects were noted in patients with myocardial infarction (Morrow et al., 2009) .
Although, in the late 90s and early 2000s much work has been conducted in the field of PARP and reperfusion injury and cell death, the clinical translation of PARP inhibitors has taken on a different direction. Exploiting a growing body of preclinical data, showing that PARP inhibitors can suppress DNA repair, and thereby enhancing the anticancer efficacy of various DNA-damaging anticancer therapeutic agents, especially on the background of certain breast cancer mutations, intensive research and development work commenced in the mid 2000s to translate these findings into clinical benefit (see Curtin and Szabó, 2013, Drew, 2015) . These efforts resulted in the clinical approval of three PARP inhibitors, olaparib, marketed as Lynparza (Deeks, 2015) , rucaparib, marketed as Rubraca and niraparib (MK-4827), marketed as Zejula.
Although the current pharmaceutical and clinical focus of PARP inhibitors is in oncology , the approval and clinical availability of ultrapotent PARP inhibitors may also open the door for repurposing of these compounds for nononcological indications (see Berger et al., 2018) . ROS play an important part in ischaemia/induced tissue damage and reperfusion injury. The deleterious effects of the oxidative stress occur as the result of both an impairment of the antioxidant defence system and increased production of ROS. The underlying mechanisms of cold preservation injury include secretion of various oxidant and free radical species (including ROS and peroxynitrite). Furthermore, when a donor heart is reperfused following a period of ischaemic cold crystalloid storage, the acute ischaemic myocardium is also subjected to several abrupt biochemical and metabolic changes including intracellular calcium overload, energy depletion, acidosis, activation of granulocytes and generation of ROS inducing organ dysfunction (Hearse and Bolli, 1992) . In view of the pathogenetic role of PARP in various forms of cardiac injury, in the current study, we have tested the effect of the first clinically approved PARP inhibitor, olaparib, in models of oxidative stress in cardiomyocytes in vitro and in a model of cardiac transplantation in vivo.
Methods
In vitro models of oxidative stress Cell culture studies. H9c2 embryonic rat heart-derived myoblasts obtained from ATCC (CRL-1446) were cultured in DMEM, supplemented with 10% fetal bovine serum and 100 IU·mL À1 penicillin and 100 μg·mL À1 streptomycin at 37°C in 5% CO 2 . The effect of olaparib was investigated in H9c2 cells treated with H 2 O 2 or glucose oxidase (GOx) as described (Szczesny et al., 2014) . Briefly, in majority of experiments, H9c2 cells were pretreated with 10 μM olaparib for 30 min at 37°C in 5% CO 2 followed by treatment with either (a) 300 μM or 1 mM H 2 O 2 for 15 min-24 h at 37°C in 5% CO 2 (b) 0.05 U·mL À1 GOx for 1-24 h or (c) 0.05 U·mL
À1
GOx for 1 h, followed by incubation for another 24 h.
LDH assay. LDH release was used as a cytotoxicity assay, for the determination of necrotic cell death, as described (Szczesny et al., 2014) . Changes in absorbance were read kinetically at 492 nm for 15 min on a monochromatorbased reader (Powerwave HT, Biotek) at 37°C. LDH activity values are shown as Vmax for kinetic assays in mOD per min.
MTT assay. Metabolically active cells were determined by their conversion of tetrazolium dye, MTT, (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) to its insoluble formazan, and was used for the determination of cell viability, as described by Szczesny et al., (2014) .
Western blot analysis. H9c2 cells were lysed using NP-40 lysis buffer (150 mM NaCl, 50 mM Tris pH 8.0, 1% NP-40), and protein concentration was determined with DC Protein Assay (Bio-Rad). Western blot analysis was performed as described (Olah et al., 2015) with the membranes sequentially probed using antibodies against PARP1, HRP-conjugated actin (Cell Signaling Technology, Inc, Danvers, MA, USA) and PAR, the product of PARP (BD Biosciences Pharmingen, San Diego, USA).
Animals. All animal care and experimental procedures were in compliance with the 'Principles of Laboratory Animal Care', formulated by the National Society for Medical Research, and the 'Guide for the Care and Use of Laboratory Animals', prepared by the Institute of Laboratory Animal Resources and published by the National Institutes of Health (NIH Publication No. 86-23, revised 1996) . This investigation was reviewed and approved by the appropriate institutional review committees. Animal studies are reported in compliance with the ARRIVE guidelines (Kilkenny et al., 2010; McGrath and Lilley, 2015) .
Donor rats
Male adult Lewis rats, to be used as donors, were purchased (Janvier Lab, Le Genest-Saint-Isle, France) at 2 months of age. Animals were housed in a room at 22 ± 2°C under 12 h light/dark cycles and were fed standard laboratory diet ad libitum.
Experimental groups. Rats were randomly divided into two groups: (1) control group: the donor rats were treated with DMSO/10% 2-hydroxy-propyl-ß-cyclodextrin-PBS vehicle and (2) olaparib-treated group: the donor rats received olaparib. Haemodynamic measurements were assessed 1.5 h after a short intravenous infusion of either olaparib (10 mg·kg À1 ) or the corresponding vehicle. Six donor rats were used in each group. The experimental protocol is shown in Figure 1 .
Left ventricular cardiac function. The rats were tracheotomised, intubated and artificially ventilated with 1.5% isoflurane mixed with 100% oxygen. A polyethylene catheter was inserted into the left external jugular vein for fluid administration. A 2F microtip pressure-volume catheter was inserted into the right carotid artery and advanced into the ascending aorta. After a 5 min stabilization period, the arterial blood pressure was recorded, the catheter was advanced into the left-ventricle under pressure control. With the use of a special pressure-volume analysis programme (PVAN, Millar Instruments, Houston, TX, USA), heart rate, systolic and diastolic blood pressures, mean arterial pressure, LV end-systolic pressure, LV end-diastolic pressure, effective arterial elastance (Ea), maximal slope of systolic pressure increment (dP/dt max ) and diastolic pressure decrement (dP/dt min ), and time constant of the left ventricular pressure decay (Tau-g; according to the Glantz method ) were calculated. LV pressure-volume relations were assessed by transiently compressing the inferior vena cava. The slope E max and E es of the LV endsystolic pressure-volume relationship, preload recruitable stroke work (PRSW), maximal elastance, and the dP/dt max / end-diastolic volume relation were calculated as a loadindependent index of LV contractility indexes. The slope of the LV end-diastolic pressure-volume relationship (EDPVR) was calculated as a reliable index of LV stiffness.
In vivo model of heart transplantation Animals. Male adult donor Lewis rats (Janvier Lab, Le Genest-Saint-Isle, France) were purchased at 8 months of age and studied at the age of 15 months. Sex-matched young rats, age 2 months, were used as recipients. Animals were housed in a room at 22 ± 2°C under 12 h light/dark cycles and were fed standard laboratory diet ad libitum.
Experimental rat model of heterotopic heart transplantation Experimental groups. Rats were randomly divided into two groups: (1) control group: hearts explanted from old donor rats were subjected to 1 h of cold ischaemic preservation and transplanted into young recipient rats receiving a vehicle during reperfusion and (2) olaparib-treated group: hearts explanted from old donors were submitted to 1 h of cold ischaemic preservation and transplanted into young Figure 1 Experimental protocol. Donor rats: haemodynamic measurements were assessed 1.5 h after a short intravenous infusion of either olaparib (10 mg·kg À1 ) or the corresponding vehicle. Heart transplantation: a short intravenous infusion of either olaparib (10 mg·kg À1 ) or the corresponding vehicle through the inferior vena cava was started immediately prior to releasing the aortic clamp and continued during the first 5 min of the reperfusion period. One and half hours after transplantation, left-ventricular graft function was assessed, and tissue and blood samples were collected.
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recipient rats receiving olaparib during reperfusion. Olaparib was dissolved in DMSO and then added to 10% 2-hydroxypropyl-ß-cyclodextrin-PBS solution. A short intravenous infusion of either olaparib (10 mg·kg
À1
) or the corresponding DMSO/10% 2-hydroxy-propyl-ß-cyclodextrin-PBS vehicle through the inferior vena cava was started immediately prior to releasing the aortic clamp and continued during the first 5 min of the reperfusion period. Six donor (15 months) and six recipient (2 months) rats were used in each group. The experimental protocol is shown in Figure 1 .
Surgical technique of heterotopic heart transplantation. The transplantations were performed in an isogenic Lewis to Lewis rat strain using the experimental model previously described (Loganathan et al., 2015) . Briefly, the donor rats were anaesthetized with a single i.p. injection of xylazine (3 mg·kg À1 ) and ketamine (100 mg·kg
). Cardiac arrest was induced by Custodiol (histidine-tryptophane-ketoglutarate) solution (Dr Franz Köhler, Chemie GmbH, Germany), and the superior and inferior caval veins, and the pulmonary veins, were tied en masse with a 4-0 single silk suture. Then, the heart was explanted and immediately placed into cold Custodiol solution (4°C).
The recipient rats were anaesthetized (as described above) and then heparinized (400 IU·kg À1 ). The aorta and the pulmonary artery of the donor heart were anastomosed end to side to the abdominal aorta and the vena cava of the recipient rat respectively. To minimize variability between experiments, the duration between explanation and reperfusion has been standardized to 1 h. After completing the anastomoses, the heart was reperfused with blood in situ for 1.5 h.
Functional measurement in the graft. One and half hours after transplantation, a small incision was made into the apex using a 0.9 mm cannula. A 3F latex balloon catheter (Edwards Lifesciences Corporation, Irvine, CA, USA) was then introduced into the left ventricle via this incision. Before starting the measurement and inflating the balloon, we waited until no arrhythmias, that could disturb the measurement, occurred. This period usually lasted 1-5 min. The latex balloon was only inflated during the measurement and was deflated between each measurement. Heart rate, left ventricular (LV) systolic pressure, LV end-diastolic pressure, maximal slope of the systolic pressure increment dP/dt max and maximal slope of the diastolic pressure decrement dP/dt min were measured by a Millar micromanometer (Millar Instruments, Houston, TX, USA), and the rate pressure product was calculated. The data were analysed offline with PVAN 3.6 software (Millar Instruments, Houston, TX, USA).
Gene expression by qPCR analysis in the graft. Myocardial gene expression of Bax, caspase-12, caspase-3, catalase, c-Jun, glutathione peroxidase (GPX)-4, NADPH oxidase (NOX)-2, NOX-4 and SOD-1 were performed by quantitative PCR (qPCR), as described (Loganathan et al., 2015) . Sample quantifications were normalized to GAPDH expression. Primers were obtained from TIB Molbiol (Berlin, Germany), and their sequences and UPL probes used are represented in Table 1 . Evaluation was performed with LightCycler 480 SW 1.5 software (Roche, Mannheim, Germany).
Immunohistochemistry. Immunohistochemistry for myeloperoxidase (1:200, Abcam Cambridge, UK) was performed to determine neutrophil accumulation, and the evaluation was done in four randomized non-overlapping fields of the myocardium, and an average value was calculated.
Data and statistical analysis
The data and statistical analysis comply with the recommendations on experimental design and analysis in pharmacology (Curtis et al., 2015) . The operators who measured myocyte death, cardiac function and expression of various factors in the myocardial samples were blinded with respect to the identity of the samples. Data are expressed as the mean ± SEM. The normal distribution of the datasets was tested by D'Agostino-Pearson or Sharipo-Wilk test. In the case of normal distribution, Student's t-test was used to analyse the differences between the groups. Datasets that failed to show normal distribution were analysed by the non-parametric Mann-Whitney or Kolmogorov-Smirnov test. *P < 0.05 represents statistically significant differences between group means.
Materials
Olaparib was obtained from LC Laboratories (Woburn, MA, USA). Unless indicated otherwise, all other all chemicals were obtained from Sigma-Aldrich (St. Louis, MO, USA).
Nomenclature of targets and ligands
Key protein targets and ligands in this article are hyperlinked to corresponding entries in http://www.guidetopharmacology. org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Southan et al., 2016) , and are permanently archived in the Concise Guide to PHARMACOLOGY 2015/16 .
Results

Effects of olaparib in cardiac myocytes exposed to oxidative stress in vitro
The effect of various concentration of olaparib on cell viability was assessed in rat heart-derived myoblasts (H9c2 cells) using MTT and LDH assays; no significant cell injury was detected with 1-100 μM of olaparib after 15 and 30 min incubation (Figure 2A, B) . Next, the effect of various concentrations of olaparib was tested in H9c2 cells treated with 300 μM or 1 mM of H 2 O 2 . Cytoprotective effects of 1-10 μM of olaparib -assessed by MTT and LDH assays -were observed after both 15 and 30 min incubation (Figure 2A, B) .
In subsequent experiments, we decided to use 10 μM olaparib against cell injury induced by various forms of oxidative stress. We have employed two different types of oxidative injury: short, high-dose of bulk oxidants (extracellular H 2 O 2 ; experimental design shown in Figure 3A ) and prolonged but constant low level of oxidative stress (extracellular H 2 O 2 generated by GOx); experimental design shown in Figure 4A and 5A in H9c2 cells. As shown in Figure 3 , we observed protection against the H 2 O 2 -induced loss of cellular viability. Treatment with olaparib restored MTT conversion ( Figure 3B ) and reduced the release of LDH into the culture medium ( Figure 3C ), up to 60 min after the addition of H 2 O 2 . These were particularly marked with 1 mM H 2 O 2 treatment. In contrast, no beneficial effect of olaparib was detected at 24 h after H 2 O 2 ( Figure 3B, C) . As shown in Figure 3D , olaparib markedly inhibited the autoPARylation of PARP1, 15 min after H 2 O 2 challenge. However, neither 300 μM nor 1 mM H 2 O 2 induced any detectable cleavage or degradation of PARP1 ( Figure 3E ).
Next, we investigated effect of prolonged oxidative stress (a lower-level, steady flux of H 2 O 2 was generated enzymically by GOx, which utilizes the glucose -present in the culture medium -as its substrate). As shown in Figure 4 , we did not detect any protective effect of olaparib against the GOx-induced loss of cell viability -at 1, 3 or 24 h ( Figure 4B , C respectively). Interestingly, we observed an inhibition of autoPARylation of PARP1 induced by GOx in H9c2 cells pretreated with olaparib at 1 h. Moreover, the level of PARP1 protein was also significantly reduced at 3 and 24 h of GOx treatment ( Figure 4D ). Quantification of PARP1/actin densitometry at 3 h after GOx treatment showed that PARP1 levels were decreased to 19 ± 6% of control (n = 5) and after 24 h of GOx incubation, no bands corresponding to PARP1 could be detected.
Next, in an 'exposure/washout' protocol, we tested the effect of olaparib in H9c2 cells treated with GOx for 1 h at subsequent time points (experimental design in Figure 5A ). Although we detected a reduction of PARP1 autoPARylation at 24 h post-injury in H9c2 cells treated with olaparib ( Figure 5C ), the viability of H9c2 cells was not affected by olaparib ( Figure 5B ). Once again, PARP1 levels decreased, to a lesser extent than in the study where GOx was present for the entire duration of the experiments. Quantification of PARP1/actin densitometry at 3 h after GOx treatment showed that PARP1 levels were decreased to 63 ± 23% of control (n = 5).
Taken together, the in vitro studies suggest that olaparib protects cardiac myocytes against injury induced by acute severe oxidative stress, but not from injury elicited by prolonged, lower-level oxidative stress. In addition, the long-term oxidant treatment also down-regulated PARP1 protein.
Effects of olaparib on cardiac function in donors in vivo
Cardiac indexes derived from pressure-volume analysis are shown in Table 2 . Treatment of donor rats with olaparib had no effect on heart rate, systolic and diastolic pressures, LV end-systolic and end-diastolic pressures, stroke volume, load-dependent (dP/dt max ) and load-independent (slope of dP/dt max -end-diastolic volume, PRSW, E es , E max ) contractility parameters, ejection phase indices (ejection fraction and cardiac output), indices of the active phase of relaxation (dP/dt min , Tau-Glant and Tau-Weiss) and end-diastolic stiffness (EDPVR).
Effects of olaparib in transplanted hearts
After transplantation, LV systolic function (shown by increased dP/dt max ) and diastolic function (shown by increased Table 1 The sequence for forward (F) and reverse (R) primers (from 5 0 to 3 
Figure 2
Olaparib protects heart myoblasts against oxidant-induced damage. The viability of H9c2 cells treated with various concentration of olaparib (1-100 μM) alone or in combination with 300 μM or 1 mM H 2 O 2 for 15 min (A) or 30 min (B) was assessed using MTT and LDH assays. Data shown are means ± SEM; *P < 0.05, significant protective effect of olaparib; n = 5 per group.
Protection by olaparib against cardiac injury BJP dP/dt min and prolonged Tau) were significantly improved in the olaparib group compared with the control group (Figure 6 ), indicating that olaparib improved posttransplant cardiac performance. Heart rate, left ventricular systolic pressure, left ventricular end-diastolic pressure (used for estimating LV preload) and the rate pressure product (used to determine the myocardial work) did not show any major differences among the groups (Table 3) . After transplantation, quantitative real-time PCR from myocardium RNA extracts revealed that mRNA levels for c-Jun, caspase-12, catalase and NOX2 were significantly lower in the olaparib group than the values in the vehicle-treated transplantation group (Figure 7) . No statistically significant effects Protection by olaparib against cardiac injury BJP were noted on caspase-3, NOX4, GPX4, Bax and SOD1 (Figure 7) . Additionally, after transplantation, the number of myeloperoxidase-expressing cells was significantly lower in the olaparib-treated hearts than in the vehicle-treated transplantation group (Figure 8 ).
Discussion
The key findings of the study are the following: (1) olaparibtreated cells are protected from cell dysfunction and cell death induced by an acute, severe burst of oxidant species, but not from cell dysfunction and cell death elicited by a longer-term, lower-level exposure to oxidants and (2) olaparib-treated rat heart transplant recipients are protected against the transplantation-associated suppression of myocardial contractility, and this is associated with changes in the expression of several genes, including inflammatory genes (c-Jun) and cell death effectors (caspase-12), and with a decreased neutrophil accumulation. These data demonstrate that the PARP inhibitor olaparib -although it was originally developed and optimized for oncological indications and has not previously been tested in models of cardiac dysfunction -exerted significant cardioprotective effects. Therefore, the current study raises the possibility of therapeutic repurposing of olaparib in heart transplantation, and perhaps also in various other indications associated with myocardial damage and cardiac dysfunction. PARP is an abundant enzyme present throughout the phylogenetic spectrum. Although it is primarily studied in the nucleus Jagtap and Szabó, 2005; Gibson and Kraus, 2012; Gupte et al., 2017) , emerging evidence also demonstrates its localization and multiple roles in mitochondria (see Brunyanszki et al., 2016) . PARP plays a variety of important physiological roles in DNA repair, chromatin remodelling, cell differentiation, transcriptional regulation, cell cycle control and programmed cell death (reviewed in Virág and Szabó, 2002; Jagtap and Szabó, 2005; Gibson and Kraus, 2012; Gupte et al., 2017) . The main poly(ADP-ribosylating) enzyme is PARP1; it is the first discovered, original member of a growing family of enzymes. Multiple lines of evidence, beginning with Nathan Berger's studies in the 80s, identified the activation or over-activation of PARP as a key pathway of oxidant-and free-radical mediated cell injury (see Berger, 1985; Berger et al., 1995) . Studies by Zingarelli and colleagues, 20 years ago, implicated PARP overactivation in the pathogenesis of myocardial reperfusion injury . In vitro studies in cardiac myocytes showed that, when exposed to cytotoxic concentrations of various free radicals and oxidants (nitric oxide, H 2 O 2 , hydroxyl radical and peroxynitrite), cells develop DNA single strand breaks, and, in turn, PARP activation triggers an energy-consuming, inefficient cellular metabolic cycle by transferring ADP ribose units to nuclear protein acceptors. This process leads to the depletion of intracellular nicotinamide adenine dinucleotide (NAD + ) and ATP pools leading to cellular mitochondrial dysfunction and cell death, via the necrotic route (Gilad et al., 1997; Zingarelli et al., 1997; Zingarelli et al., 1998) . Follow-on studies extended these findings, both using pharmacological PARP inhibitors of various classes (Thiemermann et al., 1997; Bowes et al., 1998; Docherty et al., 1999; Liaudet et al., 2001; Zingarelli et al., 2003; Zingarelli et al., 2004; Kaplan et al., 2005; Eltze et al., 2008; Oh et al., 2009; Roesner et al., 2010; Gerö et al., 2014) , as well as genetically modified mice deficient in PARP1 (Zingarelli et al., 1998; Grupp et al., 1999; Pieper et al., 2000; Yang et al., 2000) . The cardiac protective effect of PARP inhibitors was subsequently extended into various models of heart transplantation. Treatment of the recipients with PARP inhibitors resulted in improved myocardial contractility and longer survival time of the transplanted hearts (Fiorillo et al., 2002 (Fiorillo et al., , 2003 Szabó et al., 2002 Szabó et al., , 2005 Szabó et al., , 2006 Liu et al., 2004; Gao et al., 2007) . The mode of action of PARP inhibitors, as cardioprotective agents, appears to involve a combination of mechanisms. The first one relates to cellular bioenergetics. Myocytes depend on an efficient conversion of chemical into mechanical energy for their contractile function. Disruption of cellular energetics has adverse effects on myocardial contraction and excitability, and more severe disturbances trigger myocyte death. Direct measurements demonstrate that NAD + and ATP levels are depleted in myocytes exposed to various forms of oxidative stress, as well as in ischaemic/reperfused hearts; and these alterations are attenuated by PARP1 deficiency or PARP inhibition (Docherty et al., 1999; Pieper et al., 2000; Fiorillo et al., 2003) . A second mechanism relates to the modulation by PARP of various inflammatory mediator pathways. PARP exerts pluripotent actions in regulating the expression, activation and nuclear translocation of several key pro-inflammatory genes and proteins. For instance, inhibition or deletion of PARP inhibits the activation of MAP kinases, AP-1 and NF-κB, which, in turn, suppresses the expression of various pro-inflammatory genes, including TNF-α, the inducible NO synthase and intercellular adhesion molecule-1 (Zingarelli et al., 1999; Zingarelli et al., 2003; Song et al., 2013) . A third mechanism of cardiac protection by PARP inhibitors may be related to maintenance of endothelial integrity and endothelial function, either by direct protective effects -because PARP activation, in response to various forms of oxidative insults, induces endothelial dysfunction (Garcia Soriano et al., 2001; Radovits et al., 2007; Horváth et al., 2009; Módis et al., 2012 ) -or by secondary effects involving the inhibition of adhesion, activation and tissue infiltration of various mononuclear and polymorphonuclear cell types into the myocardium . All of the above processes may also influence each other in a variety of ways, forming a positive feed-forward network of myocardial injury (see Jagtap and Szabó, 2005) .
The current results with olaparib appear to confirm and extend the above findings, generated with various generations of PARP inhibitors over the years. What makes olaparib special is that -in contrast to the previously studied PARP inhibitors, with the exception of nicotinamide, (a vitamin with low PARP inhibitory potency and many additional pharmacological actions) -it is clinically approved and is available to be used in patients. Olaparib monotherapy is generally Figure 8 Olaparib treatment reduces neutrophil infiltration in the graft. (A) Representative photomicrographs of myeloperoxidase (MPO, magnification ×200; scale bar: 100 μm) and histological scores of (B) total number of myeloperoxidase-expressing cells. Black arrows indicate myeloperoxidase positive cells (not all are marked). Data shown are as means ± SEM. n = 6 rats per group. *P < 0.05, significantly different from control.
Protection by olaparib against cardiac injury BJP well tolerated. The most common side effects (>10%) include fatigue, nausea and vomiting, diarrhoea, dyspepsia, headache, decreased appetite and dizziness (Goulooze et al., 2016) . Although the clear focus with olaparib -both preclinically and clinically -has been the therapy of various cancers, several groups have started conducting preclinical studies with olaparib in the context of various non-oncological applications, with an eye on future therapeutic repurposing. These efforts, so far, have demonstrated (1) protective effects of olaparib in vitro against NMDA receptor stimulation induced or oxygen-glucose deprivation induced death in differentiated human neurons (Xu et al., 2016) and in retinal pigment epithelial cell lines exposed to H 2 O 2 (Jang et al., 2017) and in cisplatin-induced injury in chronic myeloid leukaemia cells (Xiao and Kan, 2017) , (2) protective effects of olaparib in a mouse model of transient middle cerebral artery occlusion and reperfusion (Teng et al., 2016) , (3) protective effects of olaparib in various models of model of lung injury/lung inflammation, either induced by endotoxin (Kapoor et al., 2015) or in asthma models elicited by senzitization to ovalbumin (Ghonim et al., 2015a) or to house dust mites (Ghonim et al., 2015b) , (4) protective effects of olaparib in various models of multiple organ dysfunction, either elicited by bacterial lipopolysaccharide (Kapoor et al., 2015) or by third-degree thermal injury (Ahmad et al., 2018) , and (5) protective effects of olaparib in rodent models of acute and chronic liver failure Mukhopadhyay et al., 2017) . The current data confirm and extend these findings and demonstrate the protective effect of olaparib in oxidant-challenged cardiac myocytes and in transplanted rat hearts. Additionally, olaparib administration in healthy donor rats had no effects on LV cardiac function compared to vehicle-treated controls.
The findings that only the acute cell death, but not the prolonged cell death induced by lower-level oxidative stress, was attenuated by PARP inhibition is consistent with the mode of action of PARP inhibitors, as these compounds, typically, are known to protect against severe cell injury (necrotic type), but not against the chronic, apoptotic forms of cell death (Virág et al., 1998 (Virág et al., , 2013 Ha and Snyder, 1999; Sosna et al., 2014 ). An additional factor may be the fact that longterm oxidant exposure (or even a short-term exposure to oxidants, followed by a longer follow-up period) results in the down-regulation of PARP1 protein. Clearly, if the pharmacological target of olaparib is no longer present in the cell, then no pharmacological (cytoprotective or otherwise) effects can be expected. The actual mechanism of oxidant-mediated PARP1 down-regulation requires further investigation. It is important to mention that in earlier studies, PARP1 is down-regulated in vitro -for example, in myoblasts during differentiation (Olah et al., 2015) .
As heart transplantation is associated with an acute burst of oxidant species, the protective effects in vivo may be, at least in part, also related to protection against oxidantmediated energetic alterations and associated cellular bioenergetic dysfunction. The fact that the improved cardiac function in the transplant model was also associated with changes in the expression of some genes (inflammatory, cell death effector and oxidant/antioxidant) but not others, requires further analysis. Nevertheless, the down-regulation of c-Jun is consistent with the results from many studies using PARP inhibitors or PARP silencing (Song et al., 2008; Huang et al., 2009; Mester et al., 2009; Kim et al., 2012; Radnai et al., 2012) . Moreover, inhibition of neutrophil infiltration is consistent with previous findings showing similar effect of PARP inhibitors of other structural classes, as well as PARP1 deficiency in various models of ischaemia-reperfusion and inflammation Szabó, 1998; Zingarelli et al., 1998; Liaudet et al., 2001 Liaudet et al., , 2002 Mabley et al., 2001) .
We hypothesize that the down-regulation of catalase may be due to the fact that the transplanted hearts may be exposed to a lower overall level of oxidative stress (also shown by the lower expression of NOX2 and a tendency for lower expression of NOX4), which, in turn, only triggers a lower degree of compensatory up-regulation of various antioxidant mechanisms. Caspase-12 is an enzyme which has been involved in endoplasmic reticulum-associated apoptosis (García de la Cadena and Massieu, 2016) . It is also an enzyme that is known to degrade PARP1 (Bajaj and Sharma, 2006) but the significance of its down-regulation in olaparib-treated hearts remains to be determined in future studies. Additionally, after transplantation, inflammatory cell infiltrates, as shown by immunohistochemical analysis of myeloperoxidase positive-cells, were significantly lower in the olaparib-treated hearts than in the vehicleadministered hearts.
Due to possible adverse effects of olaparib on DNA repair (see Berger et al., 2018) , further work is needed to test whether olaparib affects DNA integrity and chromosomal stability in cardiac myocytes during transplantation or reperfusion injury. However -as discussed, in detail in Berger et al., 2018 -it must be emphasized that the therapeutically effective dose of olaparib in non-oncological indications is likely to be lower than in oncological indications, because the effects of PARP inhibitors on NAD + levels and cellular bioenergetics are gradual and concentration-dependent, while the inhibition of DNA repair requires a complete or near-complete inhibition of PARP activity, which can only be achieved at the top end of the concentration-response curve. This is also shown in the current results, where the effective dose of olaparib (10 mg·kg À1 ) was lower than the effective dose of olaparib in rodent models of cancer (100 mg·kg À1 ·day À1 or higher) (see also Berger et al., 2018) . We are aware of the fact that the current study has a number of limitations. Firstly, maintenance of cellular ATP levels is an important strategy to reduce ischaemia/reperfusion injury, because it counteracts osmotic swelling, sarcolemmal rupture and necrosis (Ferdinandy et al., 2007) . Although, in previous studies, PARP inhibitors or PARP1 deficiency has been shown to maintain myocardial NAD + and ATP levels in ischaemic/reperfused hearts (e.g. Docherty et al., 1999; Grupp et al., 1999) , in the current study, we did not determine NAD + or high-energy phosphate levels. Secondly, the dose-response relationship of olaparib has not been examined. Indeed, the heterotopic heart transplantation model is not a suitable model for the determination of an optimal dose regimen for olaparib. Finally, in our experimental model, ischaemia/reperfusion is imposed on the background of one comorbidity including ageing, a major risk factor for cardiovascular disease. However, in the clinical setting, multiple comorbidities often coexist and cardiovascular risk factors may interfere with ischaemia/reperfusion injury and BJP S Korkmaz-Icöz et al.
cardioprotection (Ferdinandy et al., 2014) . Although animal data can only be extrapolated to humans with caution, our results, nevertheless, show that pharmacological inhibition of PARP (with a potentially repurposable drug, olaparib) improves contractile function during early reperfusion after heart transplantation from older donors. We have recommended (Berger et al., 2018) that -at least initially -the therapeutic repurposing of PARP inhibitors currently clinically used for oncological indications should focus on those non-oncological indications where the disease is associated with a high risk of mortality, the alternative therapeutic options are limited and the expected duration of drug administration is relatively short. Based on the results of the current study, severe forms of cardiac injury may also be considered in the future for the therapeutic repurposing of olaparib or other clinically used PARP inhibitors.
